Purpose: Gabapentinoids are currently the mainstay of pharmacological treatments for patients with neuropathic pain. Little is known about the effects of this therapy on the integrity of neuronal networks, especially in patients with an already-damaged nervous system. Since gabapentinoids can worsen cognitive functions and recent studies have shown alterations in the brains of patients with neuropathic pain, it may be possible that these drugs have neurotoxic effects. Methods: Rat clonal PC12 pheochromocytoma (autonomic) and primary sensory dorsal-root ganglion (DRG) neurons from newborn Wistar rats were employed for this study. To mimic neuronal damage, cells were exposed to cytotoxins using either hydrogen peroxide (H 2 O 2 ) or vincristine. Results: No direct cytotoxic effects were observed after incubating PC12 cells for 24 hours with increasing concentrations of gabapentin or pregabalin using MTT cytotoxicity assays. Even a 7-day incubation did not cause cellular damage. Furthermore, in preinjured PC12 and DRG neurons, neither gabapentin nor pregabalin prevented or enhanced the cytotoxic effects of H 2 O 2 or vincristine after incubation for 24 hours and 7 days, respectively. Cell morphology and integrity of the cytoskeleton assessed by employing immunostaining of cytoskeletal proteins (α-tubulin, neurofilament L) remained intact and were not altered by gabapentinoids. Conclusion: Based on these results, gabapentinoids are unlikely to be neurotoxic in cultured autonomic (PC12) and sensory DRG cells, even when cells are preinjured. These results are of high clinical relevance, as it seems unlikely that the morphological changes recently observed in the brains of neuropathic pain patients are caused or worsened by gabapentinoids.
Introduction
According to recent estimations, about 7%-8% of the European population suffer from neuropathic pain. 1, 2 However, the management of this condition remains challenging. Therefore, multimodal approaches consisting of psycho-and physiotherapy, as well as pharmacological management, are usually employed. 3 The current mainstay of pharmacological therapy for neuropathic pain is gabapentin and pregabalin (gabapentinoids), which have been effective in several clinical trials. [4] [5] [6] [7] Nevertheless, despite their frequent and often long-term use, little is known about the consequences these drugs might exert on the structure and integrity of the central nervous system. This is even more important in light of recent evidence indicating morphological alterations in the brains of patients suffering from chronic pain compared to healthy controls. 8 Here, particularly cortical neuronal cell bodies (gray matter) seem to be vulnerable to change. [9] [10] [11] Although gray matter reduction was first described in chronic back pain,
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Baldewig et al similar alterations have subsequently been shown for other chronic-pain entities, including neuropathic pain. 8, 12, 13 However, to this point it remains unclear whether the observed structural changes are a result of the disease processes underlying pain itself or a consequence of the medications applied. The latter notion is supported by clinical experience, as gabapentinoids have been recognized for their ability to worsen the cognitive performance of patients. 14 It is thus feasible to hypothesize that gabapentin and pregabalin influence cortical areas in the brain through alteration of neuronal cell density or structure. The present study was hence conducted to examine the effects of gabapentinoids on cell survival, morphology, and cytoskeletal integrity by focusing on the pivotal cytoskeletal proteins α-tubulin and neurofilament L (NFL) in healthy and injured autonomic and sensory neuronal cell models in vitro.
For this purpose, first rat pheochromocytoma line (PC12) cells were used. Since their establishment in 1976, PC12 cells have become one of the most regularly employed systems for neurodegeneration and neuroprotection studies. They resemble sympathetic neurons both functionally and morphologically. For instance, by responding to NGF, they convert from proliferating adrenal chromaffin-like to nondividing sympathetic neuron-like cells that spread out long neuritic processes. 15 Additionally, primary cultures of rat dorsal-root ganglion (DRG) neurons have been employed to investigate the effect of gabapentinoids on sensory neuronal architecture and morphology. DRG neurons also differentiate in the presence of NGF, and are characterized by their elaborate neuritic network. They are frequently used to analyze basic mechanisms of the peripheral nervous system, especially sensory physiology and nociception. [16] [17] [18] Because neuropathic pain often involves changes in both the sensory and autonomic nervous system, the secondary aim of the present study was to investigate whether gabapentinoids equally affected the two different neuronal cell types.
Methods
Ethics statement
The care and treatment of animals were ensured in accordance with the institutional guidelines for animal welfare of the University of Oldenburg, following the standards described by the German animal-protection law (Tierschutzgesetz). The killing of rats for tissue removal is registered with the local authorities (Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit) and reported on a regular basis as demanded by law, but needs no further approval if no other treatment is applied before killing.
Chemicals and antibodies
Cell-culture media and B27 supplement were from Thermo Fisher Scientific (Waltham, MA, USA). Collagen type IV, polyethylenimine and cytosine arabinoside were purchased from Sigma-Aldrich (St Louis, MO, USA). Collagenase was obtained from Serva Electrophoresis (Heidelberg, Germany). Nerve growth factor (NGF) was purchased from Alomone Labs (Jerusalem, Israel). Gabapentin, pregabalin, and vincristine were obtained from Sigma-Aldrich.
Cell culture
For this study, PC12 cells and DRG neurons from newborn Wistar rats (Charles River Laboratories, Wilmington, MA, USA) were used. PC12 cells were obtained from ATCC. Cells were maintained in DMEM supplemented with 10% heat-inactivated FBS, 4 mM l-glutamine, 4,500 mg/L d-glucose, 15 mg/L phenol red, 50 U/mL penicillin G, and 50 µg/mL streptomycin at 37°C and 10% CO 2 on a collagen type IV-coated surface. Differentiation of PC12 cells was induced by adding NGF at a concentration of 50 ng/mL. During differentiation, PC12 cells were kept in DMEM with 0.5% heat-inactivated FBS. The medium was changed every 2-3 days until cells differentiated from proliferating to nonproliferating cells that resembled sympathetic neurons. 19 For morphological observations, cells were cultured in 6 cm culture dishes supplemented with glass coverslips for immunocytochemistry (2×10 5 cells/6 cm dish). DRG neurons were dissected from newborn Wistar rats. 17 
MTT cell-viability assay
In a first approach, MTT assays for the measurement of cell viability were performed. Briefly, an MTT assay assesses cell viability by determining metabolic activity. The original substrate, a yellow tetrazole, is reduced to a purple formazan. This reaction is only possible in vital cells with enough nicotinamide adenine dinucleotide phosphate available for oxidoreductase enzymes. First, the absorbance of the supernatant of control cells was detected at a wavelength of 590 nm. Then, the absorbance of the supernatant of treated cells was determined. As absorbance is related to the color (yellow versus purple, and thus indirect to cell metabolism), the ratio of the absorbance of control cells (set as 100% viability) to treated cells can be used to assess cell viability. In our cell model, PC12 cells were grown and differentiated in a 96-multiwell plate at a density of 10 4 /well. After treatment, 10 µL MTT reagent (5 mg/mL solved in PBS) per well containing 100 µl medium was added and cells incubated for a further 2 hours at 37°C/10% CO 2 . Thereafter, 100 µL 
Cell-injury models
In a next approach, cell injury was induced by exposing PC12 and DRG neurons to either H 2 O 2 as indicated or vincristine (100 nM). H 2 O 2 was added to exert oxidative stress, which is recognized as a major cause of the development of inflammatory and neuropathic pain by altering mitochondrial function. 20 The chemotherapeutic agent vincristine was used to model chemotherapy-induced neuropathic pain. Instead of damaging cells by altering mitochondrial function, it likely injures cells by impairing their cytoskeleton, in particular the microtubules. 21 Since it is currently unclear whether gabapentinoids protect or damage neuronal cells, the aim of the present study was to generate mild-moderate injury so that either protective or noxious drug effects could be detected. For this purpose, the required concentrations of H 2 O 2 and vincristine in our cell model were determined. To achieve moderate cell injury in PC12 cells, 25 µM H 2 O 2 was needed. However, as DRG neurons needed a much higher concentration of H 2 O 2 in our cell model to achieve moderate cell injury, 250 µM was applied. For vincristine in both cells a concentration of 100 nM was needed to achieve a significant cell injury. Cell morphology was monitored by phase-contrast microscopy using inverted microscopy (Olympus, Tokyo, Japan). Each experiment was carried out three times independently.
Incubation with gabapentinoids
To assess potential cytotoxic effects of gabapentin or pregabalin, cells were incubated with either 10 or 100 µM of each drug, respectively. According to a recent study, the lower concentration is equal to a dose of about a third of the daily maximum dose of either gabapentin or pregabalin. 22 This is likely the situation in patients undergoing medication with those drugs in a normal clinical setting. The higher concentration reflects a "supratherapeutic" dose, which is unlikely to occur under normal clinical conditions. Nevertheless, we chose this supratherapeutic dose, as cytotoxic effects may only appear in a nontherapeutic range.
Immunocytochemistry
PC12 and DRG neurons were subjected to treatment as indicated. After treatment, cells were washed with PBS, fixed, and permeabilized with ice-cold methanol for 7 minutes. Afterward, cells were washed three times with PBS and incubated with primary antibodies at 4°C overnight (working dilutions given in brackets): mouse monoclonal antibody (mAb) anti α-tubulin (1:250) from Sigma-Aldrich, and rabbit mAb anti-NFL (1:250) from Dr Virginia M Lee. After being washed with PBS, cells were incubated for 1 hour with DyLight 594-conjugated (1:500) goat antimouse secondary antibodies (Thermo Fisher Scientific) and DyLight 488-conjugated (1:500) goat antirabbit secondary antibodies (Thermo Scientific, USA). Nuclei were stained with DAPI (1.5 µg/mL) included in the mounting medium (VectaShield; Burlingame, CA, USA). Fluorescence labeling was studied using epifluorescence microscopy (Carl Zeiss Meditec, Jena, Germany) equipped with a digital camera using a Plan-Neofluar objective. Again, each experiment was carried out three times.
Data analysis
Statistical analysis was done with SPSS 23 (IBM, Armonk, NY, USA) and Prism 5 for Mac (GraphPad Software, La Jolla, Ca, USA). Kruskal-Wallis analysis of variance followed by Dunn's test for multiple comparisons was employed to compare the effects of different doses of test drugs where appropriate. P<0.05 was considered significant.
Results
Short-term exposure of gabapentinoids does not alter cell survival during H 2 O 2 -or vincristine-induced cytotoxicity
To explore the ability of short-term (24-hour) exposure of test drugs and chemicals to induce or augment injury in PC12 cells, MTT assays were performed. Results showed that gabapentin or pregabalin alone did not exert cytotoxic effects at a clinically relevant concentration of 10 µM. Similarly, pregabalin at a concentration of 100 µM did not lead to a significant decrease in cell viability, while a slight cytotoxic effect was observed after treatment with 100 µM gabapentin (5% reduction in cell viability, Figure 1A ). Oxidative stress induced by hydrogen peroxide (25-100 µM) reduced cell viability in a dose-dependent manner. Maximum effect was achieved with 100 µM H 2 O 2 , leading to a reduction in cell viability of about 28%±12% ( Figure 1B ). As such, cells were only damaged mildly by H 2 O 2 , as intended for subsequent experiments. 
1185
Short-term gabapentinoid incubation does not affect cell morphology
To assess whether gabapentin or pregabalin augmented cytotoxic or exerted protective effects against damage caused by oxidative stress, cells were coincubated with 100 µM gabapentin ( Figure 1C ) or pregabalin ( Figure 1D ) and H 2 O 2 (25-100 µM). This had no influence on the cytotoxic effects produced by H 2 O 2 alone and was not protective either. Although cell viability in comparison to treatment with H 2 O 2 alone decreased slightly after coincubation with gabapentin or pregabalin at H 2 O 2 doses of 50 and 75 µM, these results were not statistically significant, as additional net-viability reduction was <10% on average.
Conversely, vincristine at a dose of 100 nM led to no reduction in cell viability in this model. Mean viability of cells treated with 100 nM remained at 100%±6%. Also, coincubation with either 100 µM gabapentin or pregabalin did not lead to any injury, keeping cell viability at 99%±8% and 99%±7%, respectively ( Figure 1E ). Therefore, based on the results of the MTT experiments, short-term exposure of PC12 cells to gabapentinoids is unlikely to produce relevant protective effects or cellular damage, even when cells are exposed at the same time to injury-inducing substances.
Cell morphology and cytoskeleton are not altered by adding gabapentinoids during cytotoxic stress exerted by H 2 O 2 or vincristine Since MTT assays measure the general viability of cells, they are used to assess the degree of major cellular insults. 23 However, minor damage, and in particular, changes in cell morphology, cannot be detected. Therefore, indirect immunofluorescence studies to analyze general cell morphology and cytoskeletal structures were carried out through microscopic inspection of the cells. In addition to PC12 cells, DRG neurons were used, and cells were damaged by treatment with H 2 O 2 or vincristine, which targets the cytoskeleton and was used to simulate chemotherapeutic stress. (Figure 2A ). Fluorescence staining using antibodies against NFL showed that staining was prominent in rather dense patches in the cytoplasm near the cell nucleus and not within cellular processes. However, morphological changes in cell membranes, neurites, and cell bodies were not observed. Coincubation with gabapentin ( Figure 2C ) or pregabalin ( Figure 2D ) did not improve or worsen this injury pattern.
While H 2 O 2 caused only subtle changes, treatment with vincristine (100 nM) severely affected microtubule organization. In contrast to its negligible effect on cell viability, 100 nM vincristine considerably affected the cytoskeleton of PC12 cells microscopically, hence confirming its injuryinducing properties in the present study ( Figure 2, E and F) . Vincristine led to a rounding up of cells, depolymerization of α-tubulin, and retraction of neurites. PC12 cells were severely affected and lost a great proportion of their neuritic extensions. Additionally, neurofilaments were disorganized and NFL staining concentrated around the nucleus in a strand-like organization. Coincubation with gabapentin or pregabalin did not alter any of these effects (Figure 2 , G and H, respectively). 
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Baldewig et al Next, the effects of both compounds in sensory neuronal cultures were studied. For this purpose, DRG neurons were used. Treatment of DRG neurons with 250 µM H 2 O 2 for 24 hours caused the formation of small protrusions along the outside of neurites ( Figure 3B ). These protrusions seemed to appear sporadically in control cells, but were observed only very rarely ( Figure 3A) . Immunocytochemistry further revealed that these protrusions were positively stained with a distinctive signal by antibodies against α-tubulin. Changes in the morphology of cell bodies were not observed. Coincubation with gabapentinoids had no influence on the appearance of the described protrusions along the neurites (Figure 3, C  and D) .
Treatment of DRG neurons with vincristine (100 nM, 24 hours) revealed that in contrast to PC12 cells, cell morphology was rather preserved; however, as indicated by immunofluorescence staining, α-tubulin was depolymerized and appeared disrupted, in contrast to control conditions ( Figure 3 , E and F). Similarly to PC12 cells, coincubation with gabapentinoids did not alleviate the α-tubulin-disrupting effects of vincristine or alter the observed injury pattern ( Figure 3, G and H) . Based on these results, it appears unlikely that short-term application of gabapentin or pregabalin is cytotoxic or has an influence on neuronal changes induced by oxidative or chemical stress.
Extended exposure to gabapentinoids did not affect cell morphology or cytoskeletal proteins
To assess the effects of extended 7-day incubation with either gabapentin or pregabalin on cell morphology and cytoskeletal integrity of PC12 and DRG neurons, additional experiments were conducted. However, neither gabapentin nor pregabalin at doses of 100 µM led to considerable changes in morphology, as analyzed by phase-contrast microscopy or indirect immunofluorescence. Neurites and cell bodies of both cell types incubated for 7 days with gabapentin or pregabalin were similar to those of untreated controls (Figure 4 , A, C, and E and Figure 5 , A, C, and E).
These findings were consistent with the immunocytochemistry results (Figure 4 , B, D, and F and Figure 5 , B, 
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Short-term gabapentinoid incubation does not affect cell morphology D, and F). Here, the pivotal cytoskeletal proteins α-tubulin and NFL were found unchanged in treated cells compared to controls, thus indicating maintained cellular integrity and morphology. Based on these observations, extended exposure to gabapentinoids is unlikely to induce changes in the morphology or cytoskeleton of PC12 and DRG neurons.
Discussion
Increasing evidence suggests brain morphology might change as a result of chronic pain. 8, 11, 13 These changes are possibly clinically relevant, since recent data also indicate chronic pain patients show signs of cognitive impairment. 25, 26 Despite the underlying mechanisms of both pain-induced morphological and functional changes remaining unknown, it can be hypothesized they are a consequence of the effects of the drugs applied to treat pain. This notion, for instance, is supported by studies showing damaging effects of morphine on fibroblasts and cerebellar Purkinje cells. 27, 28 Whether gabapentinoids, which are widely used to treat acute and chronic pain, display similar noxious properties on neuronal cells remains unclear. To address this question, 10 µM and 100 µM gabapentin and pregabalin were used in this study. The lower dose was chosen because it is equivalent to the plasma concentration found in patients who received a third of the maximum daily dose of gabapentin (3,600 mg) and pregabalin (600 mg). Conversely, the higher dose represented the plasma concentration of patients who had received triple the maximum daily dose. 22 However, results presented here do not support the idea of gabapentinoid-induced neurotoxicity or neuroprotection as neither drug enhanced or improved damage in cultured autonomic (PC12) or sensory (DRG) neuronal cells.
Gabapentinoids have no effect on cell viability
One key finding of this study was that gabapentinoids showed no cytotoxic effect when added to healthy neuronal cells. This was consistent with the limited evidence so far provided by other studies investigating the potential damaging effect of pregabalin in cellular models. 29 However, in extension of previous research, here the effects of gabapentinoids on preinjured cells were also examined. Oxidative stress in the nervous system is thought to be a key mechanism in the development of inflammatory and neuropathic pain. 20 Experimentally, exposure of cells to hydrogen peroxide is used to activate apoptotic pathways, leading to a reduction in cell viability and ultimately cell death. 30 In vitro application of H 2 O 2 has thus become a frequently employed model used (for instance) to assess the potentially cytoprotective properties of drugs and chemicals. The present findings of H 2 O 2 dose dependently reducing viability of PC12 cells were hence in accordance with previous research. 31 In addition to the role of H 2 O 2 , neuropathic pain is also a common consequence of chemotherapy, especially when vinca alkaloids like vincristine are applied to treat cancer. 32 Other than hydrogen peroxide, which produces cell damage at mainly the mitochondrial level, vincristine mostly interacts with the cytoskeleton, predominantly in axons, to cause cellular degeneration. 21 Data presented here show that gabapentinoids exerted no effects on cell viability in an in vitro model of mild-moderate cytotoxic stress. This degree of damage was deemed sufficient, because clinically gabapentinoids are given when the nervous system has already been injured. The model hence allowed investigation of whether the drugs enhanced or diminished preexisting damage. However, as coadministration of gabapentinoids with either vincristine or hydrogen peroxide did not reduce or improve cell viability here, short-term exposure to these drugs is thus unlikely to cause or prevent major neuronal injury or death. Although this is different to what has been found in rats with spinal cord injury, where pregabalin was found to be neuroprotective, it is further supported here by the findings that both drugs had only negligible effects on the viability of PC12 cells. 
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Further, in this study, 24-hour incubation of PC12 cells with 100 nM vincristine did not produce any change in cell viability. This is likely because of the short incubation chosen at a clinically relevant drug concentration. Results are hence in line with a previous study where 100 nM vincristine could induce major damage in DRG neurons only after exposure for 48 hours. 34 Nevertheless, 24-hour incubation with 100 nM vincristine was sufficient here to induce cytoskeletal changes microscopically that were in keeping with mild-moderate cellular damage.
The neuronal cytoskeleton is not altered by gabapentinoids
Exposure (24 hours) of PC12 and DRG neurons to hydrogen peroxide or vincristine induced typical changes in the cytoskeleton. However, coincubation of these toxins with gabapentinoids neither enhanced nor reduced those alterations. Together with the observation that pregabalin and gabapentin alone did not alter the cytoskeleton of either cell line, even after 7-day incubation, these results suggest gabapentinoids are devoid of short-term neurotoxic properties.
Although no other study has yet investigated the influence of gabapentinoids on the cytoskeleton of neuronal cells, these findings are at odds with results obtained in glial cells, where pregabalin induced remodeling of the cytoskeleton. 35 The absence of gabapentinoid-induced remodeling in neuronal cells might have at least two implications. First, alterations in the gray matter of patients suffering from neuropathic pain are unlikely to be caused or aggravated by gabapentinoids, thus underlining the safety of those drugs. Secondly, gray matter changes might be the result of mechanisms crucially involving glial cells in neuropathic pain pathways, such as the generation of a "proinflammatory milieu". 36 Nevertheless, the effect of gabapentinoids on the interaction between glial and neuronal cells in neuropathic pain is barely understood, and should be addressed in future research.
Study limitations
One limitation of the present study was that it did not investigate the survival or integrity of the cytoskeleton of neurons after prolonged exposure to gabapentinoids. However, as both drugs showed neither damaging effects on untreated cells nor injury-enhancing activity in preinjured cells, they are likely devoid of any major neurotoxic properties. This finding is of clinical relevance, as gabapentinoids are increasingly used as short-term treatment in acute pain as well. 37 Furthermore, toxic effects of gabapentinoids on neurons might only become apparent in more complex models allowing assessment of interactions of different cell types and mediator systems. This notion is supported by studies identifying a variety of different targets for gabapentinoids. For instance, in addition to the well-described interaction with voltage-gated calcium channels, 38 gabapentinoids likely also inhibit N-methyl-d-aspartate receptors 39, 40 and suppress protein kinase C 41 and transient receptor-potential A ion channels. 42 They might also reduce γ-aminobutyric acidergic activity in the locus coeruleus and induce glutamate release in astrocytes. 43, 44 Therefore, future research should address this complexity by employing neuronal-glial cocultures, brain slices, or whole animals instead of single-cell models.
Conclusion
The goal of this study was to examine the potentially cytotoxic effects of gabapentinoids on the cytoskeleton and cellular integrity of autonomic and sensory neuronal cultures. Results suggest that both pregabalin and gabapentin are unlikely to induce, enhance, or improve gross neurotoxicity when employed for a short period in clinically relevant doses. Furthermore, both drugs are unlikely to induce changes in the morphology and cytoskeleton of autonomic and sensory neurons either. This study hence supports the idea that the gray matter alterations observed in brains of patients with neuropathic pain are related to the disease process itself, rather than a consequence of the medicines given. However, future research should confirm these findings for prolonged drug applications in more complex cellular models.
